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Abstract: In this paper nickel oxide (NiO) nanoflower was synthesized and used for the realization of direct electrochemistry of horseradish 
peroxidase (HRP). By using carbon ionic liquid electrode (CILE) as the substrate electrode, NiO-HRP composite was casted on the surface of CILE 
with chitosan (CTS) as the film forming material and the modified electrode was denoted as CTS/NiO-HRP/CILE. UV-Vis absorption and FT-IR 
spectra confirmed that HRP retained its native structure after mixed with NiO nanoflower. Direct electron transfer of HRP on the modified 
electrode was investigated by cyclic voltammetry with a pair of quasi-reversible redox waves appeared, indicating that the presence of NiO 
nanoflower on the electrode surface could accelerate the electron transfer rate between the electroactive center of HRP and the substrate 
electrode. Electrochemical behaviors of HRP on the modified electrode were carefully investigated. The HRP modified electrode showed excel-
lent electrocatalytic activity to the reduction of trichloroacetic acid with wider linear range and lower detection limit. Therefore the presence 
of NiO nanoflower could provide a friendly biocompatible interface for immobilizing biomolecules and keeping their native structure. The fab-
ricated electrochemical biosensor displayed the advantages such as high sensitivity, good reproducibility and long-term stability. 
 





IRECT electron transfer between redox proteins and 
enzymes with the electrode is of great significance for 
the understanding the electron transfer process in biologi-
cal system.[1] The results can also be used for the develop-
ment of third-generation biosensor and bioreactor without 
the usage of mediators.[2] However the electroactive cen-
ters of redox proteins are often buried deeply in the molec-
ular structure of redox proteins, and the distances between 
the redox centers and electrode are increased. Also the un-
favorable orientation of redox proteins can result in a slow 
electron transfer efficiency.[3] Greart efforts have been pro-
posed to facilitate the electron transfer of redox proteins 
with the usage of nanomaterials. Nanosized materials ex-
hibit the advantages including biocompatibility, large sur-
face area and good conductivity, which can provide a 
suitable microenvironment for redox proteins to exchange 
electrons.[4] 
 Among nanomaterials used nanosized metal oxide 
can act as suitable matrix for the immobilization of redox 
proteins, which exhibit the characteristics including wide 
electrochemical working window, good biocompatibility, 
large surface area, high electrical conductivity, chemical 
and photochemical stability, ease of preparation and excel-
lent substrate adhesion. As a semiconductive metal oxide 
with a high isoelectric point of 10.5,[5] NiO nanoparticle has 
been used in the preparation of electrochemical sensors. It 
has been reported that NiO nanomaterials have exhibited 
excellent catalytic, magnetic, optical and electrochemical 
characteristics.[6,7] Also NiO nanomaterials have the prop-
erties such as good biocompatibility, electroinactivity in 
physiological pH solution and high porosity, which can be 
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the electron transfer accelerated. Noorbakhsh et al. fabri-
cated an electrochemical DNA biosensor by immobilizing 
ssDNA on NiO nanoparticle modified glassy carbon elec-
trode (GCE).[8] Mohan et al. applied a nanostructure NiO 
modified indium tin oxide electrode for the electrochemical 
detection of specific sequence of visceral leishmaniasis.[9] 
Salimi et al. immobilized copper and zinc-superoxide dis-
mutase onto electrodeposited NiO nanoparticle modified 
GCE to fabricate an amperometric superoxide biosensor.[10] 
Mu et al. applied a nanosized NiO modified carbon paste 
electrode for non-enzymatic glucose sensor.[11] 
 As a new kind of working electrode, carbon ionic liq-
uid electrode (CILE) has been used in the preparation of 
electrochemical sensor.[12] CILE is prepared by incorporat-
ing ionic liquid (IL) as the binder and the modifier in tradi-
tional carbon paste electrode (CPE), which has been 
elucidated with the advantages such as easy preparation, 
good reversibility, high sensitivity and the ability to lower 
the overpotential of electroactive compounds.[13] CILE can 
also be decorated to get the modified electrode. Different 
kinds of the modified CILE had been prepared and used for 
electrochemical sensing with excellent performance, which 
served as the basal electrode for the further modifica-
tion.[14–16] 
 In this paper NiO nanoflower was synthesized by a 
hydrothermal method and further used for the electrode 
modification. Horseradish peroxidase (HRP) was immobi-
lized with NiO nanoflower and direct electrochemistry of 
HRP was realized on the modified electrode. The NiO-HRP 
composite modified electrode showed excellent electrocat-




HRP (Shanghai Xueman Biotech. Ltd. Co., China), graphite 
powder (Shanghai Colloid Chem. Co., particle size of 30 μm) 
1-hexylpyridinium hexafluorophosphate (HPPF6, > 99 %, 
Lanzhou Greenchem. ILS. LICP. CAS., China), chitosan (CTS, 
Dalian Xindie Ltd. Co., China) and TCA (Tianjin Kemiou 
Chem. Ltd. Co., China) were used as received. 0.1 mol L–1 
phosphate buffer solutions (PBS) with various pH values 
were used as the supporting electrolyte. All the other 
chemicals used were of analytical reagent grade and doubly 
distilled water was used in the experiments. 
Apparatus 
Voltammetric measurements were executed on a CHI 
1210A electrochemical workstation (Shanghai CH Instru-
ment, China). Electrochemical impedance spectroscopy 
(EIS) was performed on a CHI 660D electrochemical work-
station (Shanghai CH Instrument, China) in a 0.1 mol L–1 KCl 
solution containing 1.0 mmol L–1 [Fe(CN)6]3–/4– with the 
frequencies swept from 105 to 10–1 Hz. The AC voltage 
amplitude was set as 5 mV and the applied potential was 
202 mV. A conventional three-electrode system was used 
with a HRP modiﬁed electrode as the working electrode, a 
platinum wire as the auxiliary electrode and a saturated 
calomel electrode (SCE) as the reference electrode. FT-IR 
spectra and UV-Vis absorption spectra were recorded on 
Nicolet 6700 FT-IR spectrophotometer (Thermo Fisher 
Scientific Inc., USA) and TU-1901 double beam UV-Visible 
spectrophotometer (Beijing General Instrument Ltd. Co., 
China). Scanning electron microscopy (SEM) was recorded 
on a JSM-7100F scanning electron microscope (Japan 
Electron Company, Japan). 
Synthesis of NiO Nanoflower 
NiO nanoflower was synthesized based on the reported 
procedure.[17] In brief 0.2 g of sulfonated polystyrene was 
dispersed into a solution containing 20 mL of deionized wa-
ter and 20 mL of ethanol by sonication for 10 minutes. Then 
0.4 g of nickel nitrate hexahydrate (Ni(NO3)2 · 6H2O) and 1.2 
g of urea were added under stirring for 10 minutes. The 
flask was transferred into an 80 °C oil bath and kept for 12 
h. After that the product was collected via centrifugation at 
8000 rpm for 6 minutes, which was further washed with 
water and ethanol for three cycles of centrifuga-
tion/redispersion. The products were dried in an 80 °C oven 
for 12 h to get sulfonated polystyrene@Ni2-CO3(OH)2, 
which was converted into NiO nanoflower by calcining at 
450 °C for 2 h in air at a ramping rate of 2 °C min–1. 
Preparation of the Modified Electrode 
CILE was fabricated according to a reported procedure.[18] 
In brief the mixture of 1.6 g graphite powder and 0.8 g 
HPPF6 was packed into a cavity of a glass tube (Ф = 4.0 mm). 
Then a copper wire was inserted to establish an electrical 
contact. Prior to use the electrode was polished on a weigh-
ing paper to get a mirror-like surface. 
 A mixture solution contained 10.0 mg mL–1 HRP and 
1.0 mg mL–1 NiO nanoflower was prepared. Then 8.0 μL of 
the mixture was casted on the surface of CILE. After dried 
at room temperature, 5.0 μL of 1.0 mg mL–1 CTS solution (in 
1.0 % HAc solution) was dropped on the electrode to form 
a stable film. The resulted electrode was denoted as 
CTS/NiO-HRP/CILE and stored at 4 °C when not in use. 
Other modified electrodes such as CTS/HRP/CILE, 
CTS/NiO/CILE etc. were prepared by the similar procedures 
and used for the comparison. 
Procedure 
Electrochemical measurements were performed in a 10 mL 
electrochemical cell containing 0.1 mol L–1 PBS, which was 
purged with highly purified nitrogen for 30 min prior to 




 L. Yan et al.: Direct Electrochemistry of HRP on Modified Electrode 333 
 




during the experiments. UV-Vis spectroscopic experiments 
were performed with a mixture solution of HRP and NiO 
nanoflower in pH = 7.0 PBS. The NiO-HRP and HRP solution 
were dropped on a glass slide and dried to get the film for 
FT-IR measurements. 
 
RESULTS AND DISCUSSION 
SEM Images 
SEM image of the synthesized NiO nanomaterial was rec-
orded with the result shown in Figure 1A, which exhibited 
a 3D flower-like microstructure with the average size of 2–
3 μm. High-magnified SEM micrograph (Figure 1B) showed 
that this microstructure was assembled by plate-like 
nanostructure with the thickness of few nanometers. This 
3D flower-like NiO microstructure assembled by hexagonal 
nanoplates can provide a porous structure for the further 
immobilization of HRP. 
Spectroscopic Results  
FT-IR spectroscopy is sensitive to the conformational 
changes of protein and commonly used to check the con-
formational integrity of the heme proteins.[19] The shapes 
of amide I (1700–1600 cm−1, caused by C=O stretching vi-
brations of peptide linkages in the protein’s backbone) 
and amide II (1600–1500 cm–1, attributed to the 
combination of N–H bending and C–N stretching) infrared 
absorption band of HRP can provide detailed information 
about the secondary structure of the polypeptide 
chain.[20] The amide I and II bands of the native state of 
HRP appeared at 1650 cm−1 and 1540 cm−1 (Figure 2(A)-1), 
which was close to that of the HRP-NiO mixture at 1651 
cm–1 and 1540 cm–1 (Figure 2(A)-2). In UV-Vis absorption 
spectroscopy, the location of the Soret absorption band 
from the four iron heme groups of proteins can provide 
structural information about possible denaturation or the 
conformational change in the heme group region.[21] As 
shown in Figure 2B, the characteristic Soret absorption of 
HRP appeared at 398.0 nm (curve 1), and the mixture 
solution of NiO-HRP gave the Soret band at the same 
value without changes (curve 2). All the spectroscopic 
results suggested that HRP retained the essential features 
of its native structure without any changes after mixed 
with NiO nanoflower. Therefore the good biocompati-
bility of NiO nanoflower could provide a biocompatible 
microenvironment for HRP immobilization. 
EIS of the Modified Electrodes  
EIS can be used to get the interfacial information of the 
modified electrodes. In the Nyquist diagram the semicircu-
lar portion at high frequencies corresponds to the electron-
transfer-limited process and the linear part at lower 
frequencies corresponds to the diffusion process. The elec-
tron-transfer resistance (Ret) can be obtained from the 
diameter of semi-circular portion, which controls the elec-
tron-transfer kinetics of the redox probe at the electrode. 
As shown in Figure 3, the Ret value of CILE was got as 66.05 
Ω (curve a) and that of CTS/NiO/CILE decreased to 43.66 Ω 
(curve b). So the presence of NiO nanoflower on the elec-
trode surface can increase the effective surface area with 
certain conductivity, which acts as a good electron transfer 
media to lower the interfacial resistance. On CTS/HRP/CILE 
a substantial increase in the diameter of the semicircle was 
observed with the Ret value as 90.09 Ω (curve d). The result 
indicated that the presence of HRP molecules on the elec-
trode surface could hinder the diffusion of ferricyanide to-
ward the electrode surface, which acted as the inert 
electron and mass transfer blocking layer. While on 
CTS/NiO-HRP/CILE the diameter of Nyquist circle decreased 
with the Ret value as 56.57 Ω (curve c). The presence of NiO 
nanoflower with HRP on the electrode can provide a large 
surface area and good interconnection network, which act 
as a good electron-transfer media between the probe and 
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the electrode. The gradually changes of the interfacial re-
sistance on different electrodes indicated the successfully 
preparation of the modified electrodes. 
Direct Electrochemical Behaviors of the 
HRP Modified Electrode 
Electrochemical behaviors of different modiﬁed electrodes 
were carefully investigated in pH = 3.0 PBS with cyclic volt-
ammogram shown in Figure 4. No electrochemical responses 
could be observed at CTS/CILE (curve a) or CTS/NiO/CILE 
(curve b), indicating no electrochemical reaction took 
place. On CTS/HRP/CILE a pair of unsymmetric redox peaks 
appeared (curve c), indicating that direct electron transfer 
between HRP and CILE was realized. CILE has exhibited high 
conductivity with biocompatible interface, which is suitable 
for protein to transfer electron.[22] On CTS/NiO-HRP/CILE 
the redox peak currents increased greatly with the peak 
shape became more symmetry (curve d). Also multi-scan 
cyclic voltammetric results indicated that the redox peaks 
almost unchanged after continuous potential cycling. 
Therefore the presence of NiO nanoflower on electrode ac-
celerated the direct electron transfer rate of HRP with good 
stability. NiO nanoflower is a semiconductor with large 
surface area, which can act as the bridge and establish a 
fast electron transfer path to facilitate electron transfer of 
HRP with the underlying electrode. The values of cathodic 
peak potential (Epc) and anodic peak potential (Epa) in curve 
d were got as –0.200 V and –0.122 V with the peak-to-peak 
separation (ΔEp) as 78 mV. The formal peak potential (E0') 
that calculated from the midpoint of Epa and Epc was esti-
mated as –0.161 V (vs. SCE), which was the typical charac-
teristic of electroactive heme Fe(III)/Fe(II) redox couples.[22] 
Electrochemical Investigations 
Electrochemical responses of this HRP modified electrode 
were investigated by cyclic voltammetry with the results 
shown in Figure 5A. A pair of well-defined quasi-reversible 
redox peaks could be observed on cyclic voltammograms 
with almost equal height of peak currents. Two linear re-
gression equations were calculated as Ipc/μA = –56.93 υ /V 
s–1 – 1.56 (γ = 0.995) and Ipa/μA = 78.90 υ/V s–1 + 3.58 (γ = 
0.992) in the scan rate range from 0.05 to 0.5 V s–1 (as 
shown in Figure 5B), indicating a typical surface-controlled 
electrochemical behavior. By integration of the reduction 
or oxidation peak of cyclic voltammograms the surface cov-
erage (Γ*) of electroactive HRP can be estimated from the 
equation (Γ* = Q /nAF).[23] The result was got as 1.09 × 10–9 
 
Figure 2. (A) FT-IR spectra of (1) HRP and (2) NiO-HRP; (B) UV-Vis absorption spectra of (1) HRP and (2) NiO-HRP in pH = 3.0 PBS. 
 
 
Figure 3. EIS of (a) CILE, (b) CTS/NiO/CILE, (c) CTS/NiO-HRP/CILE 
and (d) CTS/HRP/CILE in the presence of 1.0 mmol L–1
[Fe(CN)6]3–/4– and 0.1 mol L–1 KCl mixture solution. 
 
 
Figure 4. Cyclic voltammograms of (a) CTS/CILE, (b) 
CTS/NiO/CILE, (c) CTS/HRP/CILE and (d) CTS/NiO-HRP/CILE 
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mol cm–2, which was much larger than that of monolayer 
coverage (1.89 × 10–11 mol cm–2).[24] While the total amount 
of HRP on the electrode surface was calculated as 
1.59 × 10–8 mol cm–2, so the fraction of electroactive HRP 
among the total HRP on the electrode was got as 6.85 %. 
The results indicated that multilayers of HRP in the compo-
site close to the electrode with suitable orientation could 
exchange electron with electrode. The increase of scan rate 
also resulted in the shift of the redox peak potentials grad-
ually with the increase of the peak-to-peak separation. As 
shown in Figure 5C, the relationships of Ep with lnυ were 
constructed with two equations as Epc/V = –0.040 lnυ –0.24 
(γ = 0.991) and Epa/V = 0.037 lnυ –0.084 (γ = 0.992). Accord-
ing to the Laviron’s equations,[25] the values of the 
electron transfer coefficient (α), the electron transfer 
number (n) and the heterogeneous electron transfer rate 
constant (ks) were estimated as 0.64, 0.97 and 2.97 s–1, 
respectively. The ks value of 2.97 s–1 was much larger than 
that of 0.97 s–1 at Nafion/Hb-GR-MWCNT/CILE,[26] 1.14 s–1 
at Hb/Chit-IL-Fc/Gr/GCE,[27] 1.17 s–1 at Hb immobilized on 
SiO2/AuNPs/ACNTs.[28] This ks value indicated that the pres-
ence of NiO nanoflower could form a suitable microenvi-
ronment that benefit the electron transfer of HRP with 
electrode.  
 The effect of buffer pH on electrochemical responses 
of CTS/NiO-HRP/CILE was further investigated in the pH 
range from 3.0 to 8.0 with the results shown in Figure 5D. 
With the increase of buffer pH a pair of redox peaks ap-
peared and deformed gradually along with the negatively 
shift of the redox peak potentials, implying that protons 
were involved in the electrode reaction. The formal peak 
potential (E0') had good linear relationship with buffer pH 
and the regression equation was E0'/V = –0.045 pH – 0.019 
(γ = 0.996). The slope value of –45.0 mV pH–1 was a little 
smaller than the theoretical value of –59.0 mV pH–1 at 25 °C 
for a single-proton coupled one-electron transfer process. 
Therefore the electrochemical reaction could be expressed 
with the equation as: HRP heme Fe (III) + H+ + e– ↔ HRP 
heme Fe (II). Also the biggest redox peak currents appeared 
at pH = 3.0 buffer solution, which was selected for the 
electrochemical investigation. 
 
Figure 5. (A) Influence of scan rate on electrochemical responses of CTS/NiO-HRP/CILE in pH 3.0 PBS with scan rates from a to 
j as 50, 100, 150, 200, 250, 300, 350, 400, 450, 500 mV s-1, respectively. (B) Linear relationship of redox peak currents versus 
scan rate (υ). (C) Linear relationship of the redox peak potentials versus lnυ. (D) Cyclic voltammograms of CTS/NiO-HRP/CILE in 





336 L. Yan et al.: Direct Electrochemistry of HRP on Modified Electrode 
 




Electrocatalytic Activity of the  
HRP Modified Electrode 
TCA is an important target in the fields such as biochemistry 
and environmental analysis, and the redox proteins modi-
fied electrode could be used for the electrocatalysis.[29] 
Therefore electrocatalytic activity of the HRP modified elec-
trode towards the reduction of TCA was investigated with 
the typical cyclic voltammograms shown in Figure 6. The 
addition of different concentrations of TCA resulted in the 
increase of the reduction peak current at –0.283 V with  
the simultaneously disappearance of the oxidation peak 
(curves a–i). The further increase of the TCA concentration 
could result in the appearance of second reduction peak at 
–0.512 V, which could be attributed to the formation of a 
highly reduced form of HRP [HRP Fe(I)] that might dechlo-
rinate di- and mono-chloroacetic acid after the dechlorina-
tion of TCA with HRP Fe(II).[30] Therefore the electro-
catalytic reaction may be deduced via the following steps, 
which involved the reduction of HRP Fe(III) to HRP Fe(II), 
the reduction of TCA with HRP Fe(II) on the electrode, the 
reduction of HRP Fe(II) to HRP Fe(I) on the electrode, the 
reduction of di- and mono-chloroacetic acid with HRP Fe(II) 
and the reoxidation of HRP Fe(I). 
 HRP Fe(III) + e   HRP Fe(II)  (1) 
+3 22HRP Fe(II) + Cl CCOOH + H   2HRP Fe(III) + Cl CHCOOH + Cl  (2) 
 HRP Fe(II) + e   HRP Fe(I)  (3) 
+ -2 22HRP Fe(I) + Cl CHCOOH + H   2HRP Fe(II) + ClCH COOH + Cl  (4) 
+2 32HRP Fe(I) + ClCH COOH + H 2HRP Fe(II) + CH COOH + Cl  (5) 
A good linear relationship between the catalytic reduction 
peak current and TCA concentration was got in the range 
from 0.8 mmol L–1 to 38.0 mmol L–1 with the linear 
regression equation as Iss/μA = 0.40 C/mmol L–1 – 0.70 (γ = 
0.996) and the detection limit as 0.26 mmol L–1 (3σ). When 
the TCA concentration was more than 38.0 mmol L–1, the 
reduction peak current reached to a plateau, indicating a 
Michaelis–Menten kinetic for the electrocatalytic reaction. 
Therefore the apparent Michaelis-Menten constant ( appMK ) 
could be calculated from the electrochemical version of the 
Lineweaver-Burk equation:[31] 1/Iss = (1/Imax) (1 + 
app
MK /C), 
where Iss is the steady current after the addition of 
substrate, C is the bulk concentration of the substrate, and 
Imax is the maximum current measured under saturated 
substrate condition. The appMK  value was calculated as 2.062 
mmol L–1, which was smaller than that of some previous re-
ported values such as GR-TiO2-Hb film (3.3 mmol L–1),[32] 
Nafion/ZnWO4-Hb/CILE (5.76 mmol L–1)[33] and CTS/GR-
LDH-Hb/CILE (8.48 mmol L–1).[34] The lower value of appMK  
indicated that HRP immobilized with NiO nanoflower re-
tained its bioactivity and had a high biological affinity to TCA. 
Stability and Reproducibility of  
CTS/NiO-HRP/CILE 
Long-term stability is one of the important parameters of 
electrochemical biosensor. The HRP modified electrode 
was stored at 4 °C refrigerator for a given period to examine 
the long-term storage stability when not in use. Every 5 
days the voltammetric responses of CTS/NiO-HRP/CILE to a 
10.0 mmol L–1 TCA solution was examined. Up to 10 days 
the current response only decreased for about 5.05 % of 
the initial value. After a 30-day storage period, CTS/NiO-
HRP/CILE still retained 92.2 % of initial current, which indi-
cated that the modified electrode had a good stability. 
Therefore NiO nanoflower was a suitable matrix for the im-
mobilization of HRP and retained its activity due to good 
biocompatibility. The reproducibility of CTS/NiO-HRP/CILE 
 
Figure 6. (A) Cyclic voltammograms of CTS/NiO-HRP/CILE in the presence of 2.0, 6.0, 10.0, 14.0, 18.0, 22.0, 26.0, 30.0, 34.0
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for the determination of 10.0 mmol L–1 TCA was investigated 
by fabricating six modified electrodes at the same procedure 
independently, which showed an acceptable reproducibility 
with a relative standard deviation (RSD) of 4.3 %. 
 
CONCLUSION 
NiO nanoflower was synthesized and used for the realiza-
tion of direct electrochemistry of HRP by cyclic voltamme-
try. A pair of well-defined redox peaks appeared on 
CTS/NiO-HRP/CILE, which indicated that direct electron 
transfer of HRP was realized. The result was attributed to 
large surface area, good biocompatibility and certain con-
ductivity of NiO nanoflower used. The presence of NiO 
nanoflower on the electrode surface resulted in a 3D micro-
structure with many pores. The immobilized HRP retained 
its native structure and exhibited excellent electrocatalytic 
ability to the reduction of TCA with high sensitivity, wide 
linear range, low detection limit, long-term stability and 
good reproducibility. Therefore NiO nanoflower has the po-
tential application in constructing third-generation electro-
chemical biosensor with mediator-free electrochemistry of 
enzymes. 
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